Objective-In aseptic loosening, a heavy macrophage response to biomaterial wear particles is commonly found in arthroplasty tissues. The aim of this study was to discover if these cells contribute to the bone resorption of aseptic loosening by diVerentiating into osteoclasts. macrophage-osteoclast diVerentiation may represent an important cellular mechanism whereby osteolysis is eVected in aseptic loosening. (Ann Rheum Dis 1997;56:414-420) Aseptic loosening is the commonest cause of late failure of cemented and uncemented joint replacements. It is associated with the presence of a prominent foreign body macrophage response to polymeric and metallic wear particles in the pseudocapsule and pseudomembrane surrounding the implant.
contrast with other macrophage populations, exogenous M-CSF is not required for this to occur. In the context of the heavy macrophage response to wear particles in periprosthetic tissues macrophage-osteoclast diVerentiation may represent an important cellular mechanism whereby osteolysis is eVected in aseptic loosening. (Ann Rheum Dis 1997; 56:414-420) Aseptic loosening is the commonest cause of late failure of cemented and uncemented joint replacements. It is associated with the presence of a prominent foreign body macrophage response to polymeric and metallic wear particles in the pseudocapsule and pseudomembrane surrounding the implant.
1-3 Considerable periprosthetic bone resorption may be found in the vicinity of this macrophage-rich pseudomembrane. 4 5 The cellular mechanisms underlying this pathological bone resorption and the manner in which the heavy foreign body macrophage infiltrate in periprosthetic tissues contributes to this osteolysis remain uncertain.
It is well recognised that macrophages that have phagocytosed polymeric or metallic wear particles produce humoral factors (for example, cytokines/growth factors and prostaglandins) that are known to activate osteoblasts to stimulate osteoclastic bone resorption. [6] [7] [8] [9] [10] However, another means whereby macrophages could contribute directly to the osteolysis of aseptic loosening is through diVerentiation of these cells into bone resorbing osteoclasts. Murine monocytes and tissue macrophages [11] [12] [13] as well as circulating human monocytes 14 have been shown to be capable of diVerentiating in vitro into cells that show all the cytochemical and functional features of osteoclasts. The two absolute cellular and hormonal factors required for this to occur are co-culture with osteoblastic or other specific bone derived stromal cells and the presence of 1,25 dihydroxyvitamin D 3 [1,25(OH) 2 D 3 ]. Quinn et al 11 showed that under these cellular and hormonal conditions mouse inflammatory foreign body macrophages, derived from granulomas formed in response to subcutaneously implanted polymethylmethacrylate (PMMA) particles, are capable of diVerentiating into osteoclastic cells that produce extensive lacunar resorption; the latter is a unique functional characteristic of osteoclastic cells. 15 16 Pandey et al 17 extended these studies, showing that inflammatory macrophages responding to particles of all types of polymeric and metallic biomaterials commonly used in arthroplasty surgery are similarly capable of diVerentiating into osteoclastic lacunar bone resorbing cells.
These animal studies indicated that biomaterial wear particle associated macrophages, which form the major component of the inflammatory response in periprosthetic tissues, may contribute to the osteolysis of aseptic loosening by diVerentiating into mature functional osteoclasts. In this study our aim has been to determine directly whether human wear particle associated macrophages present in the periprosthetic tissues around loosened implants are capable of diVerentiation into osteoclastic bone resorbing cells, and the cellular and humoral conditions required for this to occur. As controls we have determined whether macrophages isolated from the synovial membrane of patients suVering from osteoarthritis (OA) are similarly capable of osteoclast diVerentiation. In this study we have also characterised the role of macrophage colony stimulating factor (M-CSF), which is known to be an essential cofactor for both murine and human osteoclast diVerentiation, 14 18 in arthroplasty derived macrophageosteoclast diVerentiation.
Methods
For all incubations RPMI-1640 (Gibco, UK) was supplemented with 100 IU/ml penicillin, 10 µg/ml streptomycin, 10 mM l-glutamine (Gibco, UK), and 10% fetal calf serum (FCS) (Gibco, UK) (RPMI/FCS). 1,25 dihydroxyvitamin D 3 [1,25(OH) 2 D 3 ] (Solvay Duphar, the Netherlands) was dissolved in absolute alcohol and stored at −20°C. The cloned hormone responsive rat osteosarcoma cell line UMR 106, which has an osteoblast-like phenotype, 19 was kindly provided by Professor T J Martin (Melbourne, Australia). Collagenase type I and 0.25% trypsin solution were purchased from Sigma Chemicals (UK). All incubations were carried out at 37°C in 5% CO 2 .
ISOLATION OF CELLS FROM THE ARTHROPLASTY PSEUDOMEMBRANE AND OA SYNOVIAL MEMBRANE
Specimens of the hip pseudocapsule and femoral and acetabular pseudomembrane were obtained from seven patients undergoing revision arthroplasty for aseptic loosening of the hip. Table 1 gives the clinical details for each patient. As a control group, synovial tissue was obtained from four patients (three female, one male with average age of 65 years) undergoing total hip replacements for OA. Tissue specimens were washed thoroughly with phosphate buVered saline (PBS) before being cut into small fragments and digested in RPMI-1640 containing 1 mg/ml collagenase type I for 30 minutes at 37°C; this was followed by a further one hour incubation in 0.25% trypsin. The digested tissue was filtered with a 70 µm cell strainer (Falcon, UK) and the filtrate centrifuged at 800 g for 10 minutes. The cell pellet was resuspended in RPMI/FCS and the number of leucocytes counted in a haemocytometer after lysis of red blood cells using a 5% (v/v) acetic acid solution.
PREPARATION OF CO-CULTURES ON GLASS COVERSLIPS AND DENTINE SLICES
Twenty four hours before the isolation of cells from arthroplasty or OA tissues, 2 × 10 4 UMR 106 cells were added to 96 well tissue culture plates containing dentine slices (4 mm) and coverslips (6 mm). The cell suspension obtained from surgical specimens was added to each well (1 × 10 5 cells/well) and incubated for two hours, after which time all dentine slices and coverslips were removed from the wells, washed vigorously in RPMI/FCS to remove non-adherent cells, and then placed in 16 mm wells of a 24 well tissue culture plate containing 1 ml of RPMI/FCS supplemented with 1,25(OH) 2 D 3 (10 -7 M) and hydrocortisone (10 -6 M). These co-cultures were incubated for one, seven, and 14 days and the culture medium containing these factors was replenished every three days.
To determine the cellular and humoral requirements for osteoclast generation, the OA and arthroplasty derived macrophages were also cultured in: (a) the absence of UMR 106 cells; (b) the absence of 1,25(OH) 2 D 3 ; (c) the presence of recombinant M-CSF (25 ng/ml, for OA specimens only); (d) the presence of a mouse antihuman M-CSF neutralising antibody (10 µg/ml, for arthroplasty specimens only).
HISTOCHEMICAL AND IMMUNOHISTOCHEMICAL CHARACTERISATION OF CULTURED CELLS
After 24 hours and seven days incubation, all cell cultures were characterised histochemically for the expression of tartrate resistant acid phosphatase (TRAP). 20 Using a commercially available kit (Sigma, UK), cell preparations were fixed in citrate/acetone solution and stained for acid phosphatase, using naphthol AS-BI phosphate as a substrate, in the presence or absence of 1.0 M tartrate; the product was reacted with Fast Garnet GBC salt. They were then counterstained with haematoxylin stain as recommended by the suppliers.
Cell preparations on coverslips were also stained immunohistochemically, using an indirect immunoperoxidase technique, with the monoclonal antibody 23C6 (a gift of Professor M A Horton, London): this is directed against CD51, the vitronectin receptor (VNR), a highly osteoclast associated antigen. 21 In addition, cell preparations were similarly stained with monoclonal antibodies TNG6-5 and GRS1, directed against CD11b and CD14 respectively, macrophage associated antigens, which are known not to be expressed by osteoclasts. 22 All the immunohistochemical preparations were nuclear counterstained routinely Bone resorption studies were carried out using dentine slices as these provide a smooth surfaced mineralised substrate for the assessment of lacunar resorption. 15 After one and 14 days, dentine slices were removed, rinsed in PBS, and placed in 0.25% trypsin for 15 minutes; they were then washed vigorously in distilled water and left overnight in 0.25 M ammonium hydroxide. In this way all cells are completely removed from the dentine slice, permitting examination of the dentine surface for evidence of lacunar resorption. The slices were then dehydrated through a graded ethanol series, air dried, and mounted on SEM stubs (Agar Scientific Laboratories, UK). They were then gold sputtered and examined in a Phillips SEM 505 scanning electron microscope. The extent of lacunar resorption was determined by counting the number of resorption pits on three dentine slices. The mean number of resorption pits on each dentine slice was also calculated.
STATISTICAL ANALYSIS
Results are expressed as the number of lacunar resorption pits per dentine slice. Where appropriate, the average number of resorption pits for M-CSF and anti M-CSF treatment was compared using a paired Student's t test (n = 3).
Results

HISTOLOGY OF ARTHROPLASTY DERIVED AND OA SYNOVIAL TISSUES
Both the pseudocapsule and pseudomembrane specimens derived from patients undergoing revision arthroplasties contained a heavy macrophage and macrophage polykaryon reaction to polymeric and metallic biomaterial wear particles. Some specimens also contained tiny fragments of bone or focal areas of calcification within these periprosthetic tissues. Specimens of the OA synovial membrane generally showed patchy intimal thickening and subintimal fibrosis and oedema. In most cases a light or moderately heavy macrophage infiltrate was noted; in some cases small bone fragments derived from the eroded articular surface were noted in the synovial membrane. (fig 2A) . VNR positive cells were much less numerous, being evident as isolated multinucleated cells; they were most easily seen where part of the covering layer of UMR 106 cells had become detached from the surface of the coverslip ( fig  2B) . In the absence of UMR 106 cells, scattered TRAP positive mononuclear and multinucleated cells were seen in cultures, both in the presence and absence of 1,25(OH) 2 D 3 , but VNR positive cells were not noted except in specimens derived from cases 1 and 2. Numerous CD11b and CD14 positive cells were seen in all the seven day cultures incubated both in the presence and absence of UMR 106 cells.
In 24 hour cultures on glass coverslips of cells isolated from the OA synovium, there was also strong expression of macrophage markers increase in the number of cells expressing these osteoclast markers was observed.
FUNCTIONAL CHARACTERISATION OF CELLS CULTURED FROM ARTHROPLASTY AND OA SYNOVIAL TISSUES: HUMORAL REQUIREMENTS FOR HUMAN ARTHROPLASTY DERIVED MACROPHAGE-OSTEOCLAST DIFFERENTIATION
Both in the presence and absence of UMR 106 cells and 1,25(OH) 2 D 3 , lacunar resorption was not detected in 24 hour cultures of arthroplasty derived macrophages on dentine slices in six of seven cases studied. The one case (case 2) that showed evidence of resorption pit formation had a few small pits on two of three dentine slices examined after 24 hours in culture (table 2) .
In 14 day co-cultures of arthroplasty derived macrophages and UMR 106 cells, in the presence of 1,25(OH) 2 D 3 , extensive lacunar pit formation was evident on all dentine slices of the seven cases studied (table 2 and fig 3) . Under these conditions the mean number of resorption pits in each case ranged from 50 to 120 on each dentine slice; on some slices more than 140 resorption pits were seen. Most resorption pits were large and composed of multiple areas of lacunar excavation of the dentine surface.
Lacunar resorption was not seen when arthroplasty derived macrophages were cultured in the absence of UMR 106 cells (with added 1,25(OH) 2 D3)) in five of seven cases studied. In case 1, one small resorption pit was seen on one of three dentine slices examined and in case 2, a few (less than 10) small resorption pits were found on all three dentine slices after 14 days incubation (table  2) . In all cases studied, no pits were formed in the absence of 1,25(OH) 2 D 3 .
In OA synovial macrophage/UMR-106 co-cultures, after one and 14 days incubation, lacunar resorption was seen in three of four cases. The number of resorption pits formed on dentine slices in these co-cultures ranged from 1 to 44 per dentine slice (table 3). The extent of lacunar bone resorption seemed to be unaVected by the presence or absence of either UMR 106 cells or 1,25(OH) 2 D 3 in these co-cultures. However, after the addition of recombinant human M-CSF (25 ng/ml), there was a significant increase in the number of lacunar resorption pits formed in all OA synovial macrophage-UMR 106 co-cultures in the presence of 1,25(OH) 2 D 3 (table 3). These results suggested that M-CSF plays an important part in human macrophage-osteoclast differentiation. Therefore, to determine further whether M-CSF also plays a part in osteoclast formation by cells derived from arthroplasty tissues, a neutralising antibody to human M-CSF (10 µg/ml) was added to cultures of macrophages isolated from cases 6 and 7. In both these cases there was pronounced inhibition of TRAP and VNR expression (at day 7) (data not shown) and lacunar resorption (at day 14) (fig 4) .
Discussion
Wear particles derived from implant biomaterials induce a pronounced foreign body macrophage response in both the pseudocapsule and pseudomembrane surrounding arthroplasty components. 24 25 The clinical severity and rapidity of onset of aseptic loosening can be correlated with both the amount of wear particles and the extent of the macrophage response in these periprosthetic tissues. [26] [27] [28] In this study we have shown that this wear particle associated macrophage infiltrate contains cells that are capable of osteoclast diVerentiation. Cultures of arthroplasty derived macrophages required the presence of osteoblastic cells and 1,25(OH) 2 D 3 for osteoclast diVerentiation, but did not require the addition of M-CSF; the latter is in contrast with osteoclast diVerentiation by cultures of human monocytes and synovial macrophages. 14 29 A pronounced increase in the expression of cytochemical and functional osteoclast phenotypic features was noted when arthroplasty derived macrophages were co-cultured with UMR 106 cells in the presence of 1,25(OH) 2 D 3 . Under these culture conditions, numerous TRAP and VNR positive multinucleated cells formed on glass coverslips and extensive lacunar resorption was seen on dentine slices. The average lacunar resorption noted in each case was in the range of 50 to 120 resorption pits per dentine slice with each pit being composed of numerous individual lacunar excavations; this represents lacunar resorption of approximately 10% of the surface area of the dentine slice. In the absence of 1,25(OH) 2 D 3 or UMR 106 cells, there was little expression of TRAP or VNR, and little or no evidence of resorption pit formation. Although a few small isolated resorption pits were noted in the absence of UMR 106 cells and 1,25(OH) 2 D 3 in 24 hour and 14 day cultures of macrophages isolated from the arthroplasty pseudomembrane of two cases, this was not an unexpected finding as multinucleated cells expressing an osteoclast-like phenotype and a small amount of lacunar resorption by osteoclasts isolated from periprosthetic tissues has previously been noted. [30] [31] [32] The few resorption pits formed in these two cases were most probably produced by osteoclasts associated with bone particles embedded in the pseudomembrane; this is supported by the finding of a few TRAP and VNR positive multinucleated cells in 24 hour cultures of the cell suspension isolated from these pseudomembrane specimens. In control cultures, cells isolated from the OA synovium, which also typically contained small bone fragments derived from the eroded articular surface, similarly showed isolated TRAP and VNR positive cells and formation of a few resorption pits in both 24 hour and seven day culture.
Our results show that the inflammatory foreign body macrophage infiltrate in periprosthetic tissues surrounding loose arthroplasty components contains mononuclear osteoclast precursors, and that these cells express the phenotypic characteristics of macrophages and not osteoclasts. Post-mitotic osteoclast precursors of marrow origin have been shown to lose and to acquire macrophage and osteoclast markers respectively in the process of osteoclast diVerentiation. 33 This is paralleled by the change in the cytochemical and functional phenotype that occurs in our co-culture system where isolated arthroplasty derived cells expressed almost exclusively macrophage and not osteoclast characteristics but became TRAP and VNR positive and acquired the ability to carry out extensive lacunar resorption after long term co-culture with UMR 106 cells in the presence of 1,25(OH) 2 D 3 . The presence of osteoblast-like cells and 1,25(OH) 2 D 3 was found to be necessary for osteoclast diVerentiation by human arthroplasty derived macrophages to occur in vitro. Animal studies using haematopoietic cells and mononuclear phagocytes as osteoclast precursors have also shown the importance of these factors in osteoclast diVerentiation. 13 18 33-35 Using mouse haematopoietic cells, it has been shown that osteoclast formation proceeds in two phases: an initial phase of proliferation of osteoclast precursors, and the second phase in which these cells mature into osteoclasts 18 ; both M-CSF and 1,25(OH) 2 D 3 were found to be essential for osteoclast formation under these conditions. Studies of the disease osteopetrosis in op/op mice, in which there is a failure of osteoclast formation, have also shown that M-CSF is an important factor in osteoclast generation. 36 37 Fujikawa et al 14 29 have also recently found that M-CSF is an absolute requirement for osteoclast formation from human monocytes and rheumatoid synovial macrophages in vitro. In this study, we have also shown that the addition of M-CSF to OA synovial macrophage/UMR 106 co-cultures considerably increases the extent of macrophage-osteoclast diVerentiation. It is therefore notable that human osteoclast formation from arthroplasty derived macrophages did not require the addition of M-CSF. One possible explanation for this is that any M-CSF required for macrophage-osteoclast diVerentiation is produced endogenously by one of the cell types present in the periprosthetic tissues. This is suggested by our finding that the addition of an anti-M-CSF antibody to macrophage-UMR 106 cocultures resulted in pronounced inhibition of the expression of all phenotypic markers of osteoclast diVerentiation-that is, TRAP, VNR, and lacunar resorption. M-CSF is produced by a large number of cell types, 38 including fibroblasts, bone marrow stromal cells, osteoblasts, and activated macrophagesall of which may be found in the arthroplasty pseudomembrane or at the bone implant interface. 1,25(OH) 2 D 3 , the other humoral component we have identified as necessary for osteoclast formation from arthroplasty derived macrophages, is also likely to be present in increased amounts at the bone implant interface. Activated inflammatory foreign body macrophages are known to convert the comparatively inactive form of vitamin D, 25 hydroxyvitamin D 3 , to its most biologically active form, 1,25(OH) 2 D 3 .
39 1,25(OH) 2 D 3 is also known to promote monocyte-macrophage maturation and polykaryon formation. 40 41 In aseptic loosening osteolysis occurs principally at the bone-implant interface where, in response to biomaterial wear particles continuously shed from prosthetic components, there is recruitment and constant turnover of foreign body macrophages in the arthroplasty pseudomembrane. In the context of this heavy inflammatory response, macrophageosteoclast diVerentiation may represent an important cellular mechanism whereby osteolysis is eVected in aseptic loosening ( fig  5) . All the cellular and humoral elements that we have identified as necessary for this to occur-that is, macrophages, osteoblasts, 1,25(OH) 2 D 3 , and M-CSF-can be found at the bone implant pseudomembrane interface. The in vitro model of osteoclast diVerentiation presented in this study, which uses human macrophages isolated from the periprosthetic tissues of patients suVering from aseptic loosening, should permit direct analysis of the cellular and humoral factors influencing this process. 
